Adeno-associated viral (AAV) vectors have been successfully used to treat and even cure several genetic diseases. They are attractive tools for therapeutic in vivo gene transfer because of their wide tissue tropism and relatively low immunogenicity when compared to other viruses. Yet, immune responses to AAV continue to overshadow their otherwise impressive clinical record. For instance, cytolytic CD8 + T cell responses against the viral capsid were identified in patients who received gene therapy. These may also be found in the general population as a result of natural infection with the virus. Whether the responses in gene therapy patients therefore represent memory T cell or primary immune responses remains controversial. Similarly, it has been puzzling that people with antibodies to AAV often show no evidence of CD8 + T cell responses to the capsid. Now, a new study has uncovered a clear link between B and T cell responses to AAV capsid during natural infection that has not been fully appreciated in clinical studies where an interferon g (IFNg) assay was used to monitor immune responses. Interestingly, seronegative people tended to show a natural killer (NK) cell response to AAV, suggesting that some individuals mount an innate rather than adaptive response upon natural exposure to AAV.
The AAV capsid is a foreign antigen to the human immune system and is therefore a potential target for neutralizing antibodies (NABs) and CD8 + T cells. Pre-existing NABs, which are prevalent in the human population, preclude some patients from enrollment in clinical trials. Following treatment, antibody formation prevents repeat dosing for months if not years and CD8 + T cell responses to the capsid may cause immunotoxicities and eliminate transduced cells. These clinical observations raise several important questions. Why is there no apparent correlation between B and T cell responses in pre-existing immunity to AAV? What are the activation signals that trigger B and T cell responses against AAV? And why is the T cell response delayed until weeks to months after gene transfer? Recent studies address these critical issues.
In the new paper recently published in the Journal of Clinical Investigation, Kuranda and colleagues 1 provide some answers on AAV-elicited B cell activation in humans. The authors carefully analyzed lymphocytes and antigen-presenting cells from healthy volunteers following exposure to AAV or capsid-derived peptides. Importantly, they found that the presence of antibodies to AAV was more greatly correlated to the expression of tumor necrosis factor alpha (TNF-a), rather than IFNg, by capsid-specific memory CD8 + T cells.
Furthermore, the study provides some clues surrounding the origin of the B cell response. Monocyte-derived dendritic cells (moDCs, also referred to as "inflammatory DCs") from seropositive patients produced the cytokines interleukin (IL)-1b and IL-6 upon stimulation with AAV. In vivo experiments in mice showed that antibody formation was also dependent on these two cytokines. IL-6 production depended on IL-1b, indicating that IL-6 is induced secondarily to an initial IL-1b response. In several prior studies, CD8 + T cell responses to the capsid and transgene products of AAV vectors were linked to sensing of the vector genome by the endosomal DNA receptor toll-like receptor 9 (TLR9). We showed that a collaboration of plasmacytoid DCs (which sense the genome via TLR9) and conventional DCs (which carry out antigen presentation) leads to CD8 + T cell activation through a type I IFN-dependent mechanism. 2 Interestingly, TLR9 deficiency or removal of TLR9-stimu-latory CpG motifs from the vector genome significantly reduces CD8 + T cell activation without substantially impacting antibody formation. These new data show that a different DC subset, namely moDCs, may be the critical source of immune activation leading to B cell responses to the viral capsid. Taken together, the role of DCs in the initiation of adaptive immune responses to AAV infection and AAV-mediated gene transfer involves multiple DC subsets with discrete roles, leading to either B cell or CD8 + T cell activation. However, the nature of the signal that leads to moDC activation by AAV is not yet clear. TLR9 can activate moDCs but is an unlikely candidate because TLR9 is not required for the antibody response. Klaudia Kuranda et al. 1 find evidence that capsid-derived peptides may stimulate the response. While there is literature supporting the notion that viralderived peptides may be immune stimulatory, the innate immune system more typically senses molecular structures rather than specific sequences.
A similar unanswered question is why natural AAV infection leads to NK cell activation. This observation might be related to the circumstances of natural infection, such as the presence of other viruses, since AAV is naturally replication deficient and depends on a helper virus. Moreover, it is unknown whether CD8 + T cell responses observed in healthy subjects correlate to those in AAVtreated patients. Such responses may have been missed in some gene therapy patients because TNF-a measurements were not performed. Assays measuring multiple cytokines are preferable but technically more challenging.
Another puzzle in the field has been that T cell responses to AAV capsid can occur months after gene transfer, long after the initial innate inflammatory responses. A possible explanation is that AAV particles might persist for some time and therefore could still be sensed by the immune system. Alternatively, it has also been shown that T cells can be activated initially, but only acquire IFNg expression and full functionality later on. 3 Interestingly, Shao and colleagues, 4 in a recent paper in JCI Insight, show that transduced cells may provide innate immune signals related to expression from the vector rather than the viral particle. Human cell lines, primary hepatocytes, and chimeric mouse livers harboring human hepatocytes all expressed IFN that correlated with an upregulation of the cytosolic double-stranded RNA (dsRNA) sensor MDA5. Knockdown of MDA5 prevented IFNb expression by transduced cells. The authors employed reverse transcription followed by PCR to provide evidence for the presence of dsRNA. The exact mechanism by which these molecules are generated requires further investigation but may be related to inverted terminal repeat (ITR) structure or intra-/inter-vector genome recombination. Whether and how dsRNA sensing relates to antigenspecific immune responses also remains to be defined. Nonetheless, these new studies find evidence for innate immune responses to AAV vectors that have previously not been appreciated. The hope is that, over time, these observations will begin to fit together into a bigger picture describing how immune responses to AAV are orchestrated and provide guidance for targeted intervention in the clinic.
